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ABSTRACT 
Palm oil is one of the leading agricultural crops in the world, as it dominates 34% of the global 
vegetable oil market, with approximately 64.6*103 million kgs of production in 2017. However, along 
with its breakthrough, the generation of palm oil mill effluent (POME) as uncontrolled waste has 
become a serious matter and requires proper management to reduce its negative effects on the 
environment. Subsequently, the high organic content of POME makes it possible to convert waste 
into value-added products, such as biogas. A ratio of 0.5 for biological oxygen demand to chemical 
oxygen demand (BOD/COD) indicates a high possibility for biological treatment. Recently, the 
utilisation of POME as a cheap source for biogas production has gained an extraordinary amount of 
attention, and intensive research has been conducted on the upstream to downstream process. 
Finding the most suitable and efficient pretreatment technique and reactor configuration are vital 
parameters for the treatment and conversion of POME to biogas. This review describes existing 
pretreatment processes for POME and recommends recently manufactured high-rate anaerobic 
reactors as the most suitable and efficient pretreatment technique for maximising the extraction of 
biogas from POME. 
Keywords: Palm oil mill effluent (POME); Pretreatment; Bioreactor; Biogas; Sustainable; Renewable 
energy 
 
Nomenclature  
POME Palm Oil mill Effluent  
GHGs Greenhouse gases  
CH4 Methane  
CO2 Carbon dioxide  
H2S Hydrogen sulphide  
H2 Hydrogen  
N2 Nitrogen (N2)  
CO Carbon monoxide  
O2 Oxygen  
COD Chemical oxygen demand  
VS Volatile solid  
HRT Hydraulic retention time  
MSW Municipal solid waste 
CF Coagulation-flocculation  
VFA Volatile fatty acid  
DAF Dissolve air flotation  
CKD Cement kiln dust  
AFBR Anaerobic fluidized bedreactor  
ASBR Anaerobic sequencing batch reactor  
CSTR Continous stirred tank reactor  
EGSB Expanded granular sludge bed  
UAF Upflow anaerobic filtration  
UASB Upflow anaerobic sludge blanket  
UASFF Up-flow anaerobic sludge fixed-film  
AnaEG Advanced anaerobic expanded granular sludge bed  
AnMBR Anaerobic membrane reactor  
UASB HCPB-Upflow anaerobic sludge blanket-hollow centred packed bed 
 
1. Introduction 
Renewable energy can ensure that there are enough resources to satisfy future generations’ global 
energy demands. By the year 2030, the global energy demand is expected to increase by 43%, 
reaching 672*1.055 quadrillion kJ from 472 x 1.055 quadrillion kJ in 2012 [1]. Accordingly, the sole 
use of renewable energy resources will be insufficient to meet this global energy demand. 
Renewable energy must be sustainable in economic, social, and environmental aspects. Currently, 
renewable energy accounts for 10% of global energy consumption and is expected to increase to 15% 
by 2050 [2].  
Biogas is a promising renewable energy resource. This green energy resource could reduce the 
dependency on fossil fuels and mitigate environmental issues, such as the emission of greenhouse 
gases (GHGs). Biogas is a colourless and odourless gas composed of methane (CH4), carbon dioxide 
(CO2), a small amount of hydrogen sulphide (H2S), hydrogen (H2), nitrogen (N2), and trace amounts 
of carbon monoxide (CO) and oxygen (O2). Biogas can be used to generate heat and electricity and 
can be applied in the transportation sector [3]. Biogas produces a blue flame and has a heat value of 
between 4500 and 5000 * 4.184 kJ/m3 with a methane content of 60–70% [4]. 
Biogas can be produced via the anaerobic digestion of various raw materials, such as animal manure, 
agricultural waste, sewage sludge, and food waste [5–7]. Among these waste streams, biogas 
production from agro-industrial residues is a favourable, cheap source that is environmentally sound 
and in line with the Waste to Wealth concept. Table 1 shows comparisons of biogas and methane 
yields that can be produced from different types of raw materials in relation to their methane 
compositions. 
 
Table 1 
Comparison of biogas, biomethane yield and methane content from different potential substrates. 
Feedstock Biogas yield 
(mL/ gVS) 
Methane yield  
(mL CH4/ gVS) 
Methane content 
(%) 
Reference 
Empty fruit bunch - 200 - 300 40 - 50 [8] 
Food waste 600 440 60 - 70 [9] 
Cattle manure 400 - 450 200 - 250 49 - 55 [10,11] 
POME 717 500 - 550 65 - 75 [8,11] 
Swine manure 400 - 450 250 -350 65 [12] 
Vegetable waste 450 190 - 400 65 [13] 
The utilisation of palm oil mill effluent (POME) as a feedstock has gained the interest of researchers 
to control waste production in agricultural sector derives from the palm oil industry. Palm oil 
plantations can be found abundantly in Southeast Asian countries, such as Indonesia, Malaysia, and 
Thailand, which produced approximately 36, 21, and 2 million*103 kg of palm oil, respectively, in 
2017 [14]. Fig. 1 shows the world palm oil production in 2017 and highlights the significant 
contribution of Southeast Asian countries in the production of palm oil. 
The use of POME as a source for biogas, especially in developing countries, positively impacts the 
economy and environment. However, it is necessary to find the most suitable and efficient method 
to enhance biogas production by implementing pretreatment processes during the upstream process 
and using appropriate bioreactors during the downstream process. Recommended pretreatment 
processes and reactor types for POME are summarised in Table 2. This review presents and discusses 
the advantages and disadvantages of recently developed pretreatment technologies and bioreactors 
that have been deemed suitable for enhancing biogas production from POME. 
 
 
Fig. 1. Percentage of palm oil production from the top countries [14]. 
 
 
2. Biogas production from POME  
If pivotal components such as carbohydrates, proteins, fats, cellulose, and hemicellulose are present, 
biomass may be utilised as a feedstock for biogas production. POME, which is rich in carbohydrates, 
proteins, and lipids, is considered one of the most suitable forms of biomass to be used in the 
production of biogas. POME can also be converted into biodiesel, biobutanol, biohydrogen, and 
polymers; can be a potential resource for algae-based biorefineries; and can be used in compost 
production due to its unique properties [25]. Table 3 outlines the physicochemical characteristics of 
POME. 
An amount of 2.5*103 kg of POME can be generated during the production of one tonne of crude 
palm oil, resulting in the production of approximately 70 m3 biogas [28]. Accordingly, one tonne of 
POME can produce 28.13 m3 biogas. According to Sridhar and Adeoluwa [29], 1 m3 of biogas can 
generate 1.8 *3.6 MJ energy, corresponding to a power generation efficiency of 25%. Without 
appropriate storage and treatment, however, biogas production from POME will disrupt the 
biogeochemical cycle and discharge large amounts of CH4 into the atmosphere. According to Gozan 
et al. [30], methanogenic reactions from POME components could produce more than 0.8 L/g biogas 
with a methane concentration of above 50%. Table 4 shows the reaction mechanisms of the 
components that exist in POME in relation to their biogas production and methane content. 
Biogas production from POME involves an anaerobic digestion process, which is a complex 
mechanism conducted through interactions among microorganisms. The process can be divided into 
four stages, namely, hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Hydrolysis involves 
the breakdown of carbohydrates, lipids, and proteins into smaller molecules of sugar, long chain fatty 
acids, and amino acids, respectively. This process is conducted by a group of hydrolytic bacteria, such 
as Clostridium and Bacillus [31]. Hydrolysis converts all raw materials into amenable forms so that 
further microbial activities can occur. The hydrolysed compounds are taken up by acidogenic 
bacteria, such as Syntrophomonas, Pseudomonas, and Flavobacterium, to form intermediary 
compounds (i.e., alcohols; aldehydes; and volatile fatty acids, such as butyric, propanoic, and acetic 
acids) [32]. 
During acetogenesis, the intermediaries undergo degradation to form acetate, carbon dioxide, and 
hydrogen, which are produced by acetogenic bacteria, such as Desulfovibrio and Clostridium [33]. 
The final stage is methanogenesis, which involves two different groups of bacteria, namely, 
acetotrophic and hydrogenotrophic bacteria. Acetotrophic methanogens (Equation (2.1)) split 
acetate into methane and carbon dioxide, while hydrogenotrophic methanogens (Equation (2.2)) use 
hydrogen to form methane [34]. These reaction processes can be further explained as follows [35]:  
 
 
 
Table 2 
Summary of pretreatment and bioreactor used for production of biogas by using POME as a raw 
material. 
 
*M- Mesophilic 
*T- Thermophilic 
*NA- Data not available 
 
During this process, 70% of the methane is formed by the acetotrophic methanogens pathway (Equation (2.1)), 
while 30% of the methane is produced through the hydrogenotrophic methanogens pathway (Equation (2.2)) 
[36]. 
The time needed for biogas production heavily depends on the temperature. According to Wang 
[37], at a mesophilic temperature, 30–40 days are required to complete the anaerobic digestion 
process. Meanwhile, at a thermophilic temperature, only 7–14 days are required for the entire 
process to occur. 
According to Fountoulakis et al. [37], pH also plays an important role in the digestion process, 
especially during the acidogenic and methanogenic stages. Acidogenic sustains at pH 5, while 
methanogenic requires a pH within the range of 6.5–7.2. Therefore, the suggested optimum pH 
range for the digestion process is 6.8–7.4, as both bacterial groups can function efficiently within this 
range [38,39]. pH and alkalinity correlate to one another, as alkalinity helps to control the desired pH 
in the anaerobic digester. pH is a measure of hydrogen ion concentration, while alkalinity represents 
the capability of a substance to neutralise hydrogen ions. Increasing alkalinity at the beginning of the 
digestion process results in a reduction of volatile solids (VS) and biodegradation time, which 
enhances biogas production when compared with the reactors to which no alkaline additives (e.g., 
anhydrous ammonia, potassium bicarbonate, potassium carbonate, sodium bicarbonate, and sodium 
nitrate) have been added [40]. 
It was found that an alkalinity to chemical oxygen demand (COD) concentration ratio (w/w) of 1.2–
1.6 is sufficient to maintain a pH value of around 6.6 during the anaerobic digestion of carbohydrate 
waste to produce methane [41]. According to Labatut and Gooch [42], addition of calcium carbonate 
as much as 5500 mg/L helps to provide enough buffering capacity to withstand moderate shock loads 
of volatile fatty acids while maintaining a pH value of 7.4, which is favourable for methanogenic 
bacteria. In addition to environmental factors, the pretreatment and configuration of bioreactors are 
boost biogas production from POME. 
 
Table 3 
Physicochemical characteristics and composition of raw POME [25,26]. 
Parameters Concentrations 
General characteristic 
Chemical oxygen demand (mg/L) 15 000 – 100 000 
Biochemical oxygen demand (mg/L) 10 250 – 43 750 
Total solid (mg/L) 11 500 – 79 000 
Total suspended solid (mg/L) 5000 – 54 000 
Total volatile solid (mg/L) 9000 – 72 000 
Total nitrogen (mg/L) 180 – 1400 
Oil and grease (mg/L) 130 – 18 000 
Temperature (ºC) 80 - 90 
pH 3.4 – 5.2 
Lignin (ppm) 4700 
Phenolics (ppm) 5800 
Pectin (ppm) 3400 
Carotene (ppm) 8 
Multielement 
Cadmium, Cd (mg/L) 0.01 – 0.02 
Calcium, Ca (mg/L) 276 – 405 
Chromium, Cr (mg/L) 0.05 – 0.43 
Copper, Cu (mg/L) 0.8 – 1.6 
Cobalt, Co (mg/L) 0.04 – 0.06 
Iron, Fe (mg/L) 75 – 164 
Magnesium, Mg (mg/L) 254 – 344 
Manganese, Mn (mg/L) 2.1 – 4.4 
Phosphorus, P (mg/L) 94 – 131 
Potassium, K (mg/L) 1281 – 1928 
Zinc, Zn (mg/L) 1.2 – 1.8 
Amino acid (g/100 g Protein) 
Alanine (g) 7.70 
Arginine (g) 4.15 
Aspartic Acid (g) 9.66 
Cystine (g) 3.37 
Glutamic acid (g) 10.88 
Glycine (g) 9.43 
Histidine (g) 1.43 
Isoleucine (g) 4.53 
Leucine (g) 6.86 
Lysine (g) 5.66 
Methionine (g) 6.88 
Phenylalanine (g) 3.20 
Proline (g) 4.57 
Serine (g) 6.86 
Threonine (g) 2.58 
Tyrosine (g) 3.26 
Tryptophan (g) 1.26 
Valine (g) 3.56 
Fatty acid (g/100 g Lipid) 
Arachidic acid (g) 7.56 
Arachidonic acid (g) 1.12 
Behenic acid (g) 2.62 
Capric acid (g) 4.29 
Eicosapentaeoic acid (g) 0.36 
Eicosatrienoic acid (g) 1.49 
Heptadecanoic acid (g) 1.39 
10-heptadecanoic acid (g) 1.12 
Lauric acid (g) 9.22 
Linoleic acid (g) 4.72 
Linolenic acid (g) 4.72 
Myristic acid (g) 12.66 
Oleic acid (g) 8.54 
Palmitic acid (g) 14.45 
Stearic acid (g) 11.41 
 
 
3. Pretreatment process of POME to enhance biogas production 
Raw materials that have not been pretreated require a longer processing time than pretreated raw 
materials. The type of pretreatment process to be used depends on the type of substrate being used 
for biogas production. As a lignocellulosic material, POME needs to be properly treated prior to being 
used for biogas production. The purpose of pretreatment is to make the raw materials consumable 
by microbial groups, which, in turn, increase the rate of reaction in anaerobic digestion and 
eventually boost biogas production. The pretreatment process (Fig. 2) acts as a catalyst that speeds 
up the reaction process. Theoretically, many types of pretreatments exist for treating lignocellulosic 
materials. However, not all pretreatment methods can be used to treat POME. Thorough research 
needs to be conducted to explore suitable and effective pretreatments for POME that could result in 
a high digestion rate and biogas yield. The following sections describe existing pretreatment 
techniques used for POME to increase biogas production. 
 
Table 4 
Potential biogas production from carbohydrates, proteins and lipids available inside POME [25,29]. 
Main 
components 
Methanogenic mechanisms Biogas 
production 
(L/g) 
Methane 
content 
(%) 
Carbohydrate C6H10O5 + H2O       3CH4 + 3CO2 0.830 50.0 
Protein C16H24O5N4 + 14.5 H2O      8.25CH4 + 3.75CO2 + 4NH4+ 
+ 4HCO3- 
0.921 68.8 
Lipid C50H90O6 + 24.5H2O       34.75CH4 + 15.25CO2 1.425 69.5 
 
 
Fig. 2. Rate of digestion and methane production with and without pretreatment [43]. 
 
 
3.1. Using acidified POME  
Acidified POME is produced during the biohythane process (Fig. 3). Biohythane, which consists of 
hydrogen and methane, is produced via a two-stage fermentation process. The first stage consists of 
hydrolysis and acidogenesis reactions, while the second stage involves acetogenesis and 
methanogenesis. Based on a previous report, the optimum pH range for the first stage is 5–6, with a 
hydraulic retention time (HRT) of 1–3 days [44]. Meanwhile, the second stage requires a HRT of 10–
15 days with a pH of 7–8, as this is a favourable pH for methanogenic bacteria [44]. During the first 
stage, POME is used to produce hydrogen, and the digestate formed is acidified POME, which has a 
high content of volatile fatty acids, such as butyrate and acetate [45]. The acidified POME is used as a 
substrate to produce methane and has been shown to produce high volumes of biogas [46–48]. 
 
 
Fig. 3. Schematic diagram of biogas production from acidified POME. 
 
However, the amount of biogas produced varies based on the type of bioreactor used. Krishnan et al. 
[47] used a continuous stirred tank reactor (CSTR) using an HRT of 5 days and produced 320 L CH4/kg 
chemical oxygen demand (COD), in which 94% of COD is removed from the acidified POME. 
Meanwhile, in a study conducted by Mamimin et al. [49] using up-flow anaerobic sludge blanket 
(UASB) reactors, 315 L CH4/kgCOD was produced for a methane yield with 95% COD removal using 
an HRT of 6 days. Recent research by Nasir et al. [24], which used an anaerobic sequencing batch 
reactor (ASBR), shows that the lowest amount of methane produced was 260.3 L CH4/kgCOD, which 
occurred when the HRT was 3 days. Only 71% COD was removed in this case. Therefore, the use of an 
appropriate bioreactor and an adequate HRT impact the amount of biogas that can be produced 
from acidified POME. 
 
3.2. Addition of ash  
Ash is a waste product that is widely used in the wastewater treatment, construction and building 
industries as well as in anaerobic digestion processes. Adding ash during the digestion process 
increases the efficiency of volatile solid degradation, which, in turn, significantly enhances biogas 
production [50]. Ash acts as a co-enzyme, as it helps to reduce acidity in the anaerobic digestion 
process and enhance the microbial growth rate [51]. Lo et al. [52] added fly ash during the anaerobic 
digestion of municipal solid waste (MSW) and achieved a higher biogas rate (~6.5 L day 1 kg 1 VS) 
when compared with the digestion of MSW without fly ash (~4 L day 1 kg 1 VS). The use of ash in 
POME treatment removes heavy matter, oil, and grease [27]. Kutty et al. [53] used microwave 
incinerated rice husk ash (MIRHA) to remove zinc (Zn), copper (Cu), and COD from POME. As 
reported by Jijai et al. [54], adding biomass ash from rubber plantations and oil palm residues to 
POME produced 218.79 L CH4/kgCOD, while POME without pretreatment produced only 103.15 L 
CH4/kgCOD. This indicates that, when added to POME, ash acts as a supplementary nutrition source 
and could be used as a cheap material for pH adjustment to enhance the biogas production process 
[55]. Fig. 4 is a schematic diagram representing the effects of adding ash prior to the anaerobic 
digestion process. 
 
3.3. Co-digestion  
Anaerobic co-digestion (Fig. 5) is defined as the combination of two or more different substrates 
during the digestion process to improve biogas production when the mono-digestion process is 
difficult to achieve [56]. As discussed by Mata-Alvarez et al. [57], the mono-digestion process has 
limitations in certain scenarios:  
 
- Animal manure has a low organic content but high nitrogen (N) concentration, which could 
inhibit the methanogenic process. 
- Agro-industrial and lignocellulosic wastes are seasonal substrates with low N content. 
- Municipal solid waste contains a high concentration of heavy metals. 
- Sewage sludge has low organic loads. 
 
 
Fig. 4. Schematic diagram of ash addition prior to anaerobic digestion process. 
 
 
Fig. 5. Biogas production from co-digestion process. 
The implementation of a co-digestion process could rectify these limitations. To date, various types 
of substrates, as well as the codigestion of POME with other substrates, have been tested by 
researchers to obtain high methane production. It has been reported that the co-digestion of POME 
with animal manure significantly improves biogas production, as manure provides a buffering 
capacity and a wide range of nutrients, while the addition of POME, which is rich in carbon, balances 
the carbon-to-nitrogen (C/N) ratio of the feedstock and reduces ammonia inhibitors, which hinder 
the digestion process [58].  
Sidik et al. [10] reported that the co-digestion of POME with cow manure at a 70:30 ratio under 
mesophilic conditions could produce methane content of 61.13% over 21 days of experimentation. 
Similar findings also revealed that a 70:30 ratio of POME to cow manure could produce a methane 
content of 35.35% over 28 days of digestion [59]. POME has also been co-digested with other 
feedstock, such as empty fruit bunch (EFB), decanter cake, rumen fluid, and refined glycerine wash 
water [60–63]. 
 
3.4. Coagulation-flocculation 
A coagulation-flocculation (CF) process is defined as the addition of a coagulant/flocculent to assist 
solid-liquid separation. The addition of a coagulant helps to trap solid particles in the wastewater 
agglomerate, and the addition of a flocculent leads to the formation of bigger flocs. Sludge-rich 
volatile solids (VS) that are produced after the sedimentation process can be directly used for the 
anaerobic digestion process, shown in Fig. 6. 
 
 
Fig. 6. Use of a CF process prior to an anaerobic digestion process. 
 
For POME digestion, sludge is typically not granulated, which means it takes a longer time to 
complete the start-up period. Khemkhao et al. [64] used chitosan as a coagulant in POME treatment. 
The results show that chitosan is a viable sludge granulator and could shorten the start-up period in 
UASB systems. Therefore, the addition of a coagulant helps to enhance sludge granulation and 
increase the biogas yield. In addition, coagulation also contributes to the accumulation of VS. 
Observations from a jar test showed that chitosan adheres to the suspended biomass and enhanced 
flocculation, which helps the working microorganisms to aggregate together, thus preventing them 
from being washed out from the digester [22]. 
 
3.5. De-oiling  
Conventionally, POME is treated using a ponding system consisting of a de-oiling tank and 
acidification, anaerobic and aerobic, or facultative ponds [65]. The purpose of the de-oiling tank is to 
remove oil and floating fats from the POME prior to further treatment (Fig. 7). The de-oiling process 
can be conducted using a flotation system, coagulation-flocculation process, and an adsorption 
process using activated carbon, zeolite, and bentonite [66–68]. De-oiled POME is a thin, brown liquid 
with high volatile fatty acid (VFA) content of around 0.006–0.008 kg/L and a low lipid content of 
0.002–0.003 kg/L. A previous study investigated the efficiency of raw and de-oiled POME in batch 
assay continuous reactor experiments using up-flow anaerobic sludge blanket (UASB) and expanded 
granular sludge bed (EGSB) reactors for biogas production [69]. The results show that de-oiled POME 
had a higher methane yield in the batch assay (610 L CH4/kgVS), UASB (600 L CH4/kgVS), and EGSB 
(555 L CH4/kgVS) than raw POME (batch assay ¼ 503 L CH4/kgVS; UASB ¼ 436 L CH4/kgVS; EGSB ¼ 
438 L CH4/kgVS). According to Fang et al. [69], the anaerobic digestion of de-oiled POME has a higher 
methane yield than that of raw POME due to the lower portion of biofibres, which are more 
recalcitrant than the rest of organic matter in POME. 
 
3.6. Dissolved air flotation  
Dissolved air flotation (DAF) has been extensively used prior to the anaerobic digestion process in 
industrial effluent treatments, such as in abattoir and municipal wastewater treatments [70,71]. A 
DAF process can be defined as a process of solid-liquid separation that aims to produce potable 
water by using air bubble flotation. The removal of solid and liquid are accomplished by dissolving air 
in the saturator at high pressure and releasing saturated water into the flotation cell, where bubbles 
are formed due to the reduction in pressure. Bubbles and contaminants rise to the surface and form 
a floating bed of material, which is then removed by a surface skimmer and transported to a digestor 
[71]. 
Tabassum et al. [21] investigated the use of DAF for the pretreatment of POME prior to the anaerobic 
digestion process. This pilot-scale study was conducted over one year using an advanced anaerobic 
expanded granular sludge bed (AnaEG), bioreactor, and DAF pretreatment due to their ability in 
recuperative thickening. The findings show that 30 m3 biogas was produced with a COD removal rate 
of 93%. In addition to the contribution of the bioreactor, recuperative thickening also led to a 25% 
increase in anaerobic digestion, which enhances biogas production [72]. However, the application of 
DAF in POME is still in its primary stages and requires further research on the provision of efficient 
treatments. Fig. 8 provides an overview of biogas production using DAF as a pretreatment method. 
 
 
Fig. 7. De-oiled POME for higher biogas production. 
 
 
Fig. 8. Use of DAF to pretreat POME. 
 
3.7. Enzymatic hydrolysis 
Enzymatic hydrolysis is a rate-limiting step due to the involvement of a complex structure of 
cellulose, hemicellulose, and lignin. POME consists of 38.36% cellulose, 23.21% hemicellulose, and 
26.72% lignin [73]. Due to the high lignin content, a pretreatment process is required to weaken and 
disrupt the matrix of lignocellulosic materials. Enzymatic pretreatment processes are more 
environmentally friendly than other pretreatment techniques. 
However, the application of enzymes in a pretreatment process for biogas production is expensive. 
One way to overcome this limitation is to use locally produced enzymes [74]. According to 
Nomanbhay and Hussain [75], POME is composed of soluble and insoluble carbohydrates. Soluble 
carbohydrates have a low concentration (0.0039 kg/L), while insoluble carbohydrates have a 
concentration of 0.026 kg/L in POME. Insoluble carbohydrates consist of high molecular weight 
compounds, such as cellulose, hemicellulose, and starch. Therefore, it is important to hydrolyse the 
complex carbohydrates to obtain a high yield of fermentable sugar, thus leading to an increase in 
biogas production. 
This has been shown to be effective in a study conducted by Prasertsan et al. [23], in which xylanase 
was used for the enzymatic hydrolysis of POME. It is reported that POME treated via enzymatic 
hydrolysis (914 L CH4/kg VS) yielded roughly three times more biomethane than POME without 
enzymatic hydrolysis (297 L CH4/kg VS). Cellulase and lipase have also been used to increase sugar 
reduction in POME [76,77]. Fig. 9 illustrates the conversion of POME into biogas by using enzymatic 
hydrolysis prior to the anaerobic digestion process. 
 
3.8. Microwave irradiation 
Fig. 10 shows the flow for the use of microwave irradiation in the biogas production of POME. 
Microwave irradiation is a widely used pretreatment method for agricultural residues due to its 
simplicity, low energy requirement, high heating capacity within a short period of time, minimum 
formation of inhibitors, and ability to degrade cellulose fractions [78]. 
Saifuddin and Fazlili [16] examined the effect of microwave irradiation on biogas production from 
POME. In this study, 58 L CH4/kgCOD was produced from 1 L of sludge after 3 min of microwave 
irradiation, with an energy consumption rate of 252 kJ/L sludge. Meanwhile, POME without any 
pretreatment produced 37 L CH4/kgCOD from 1 L of sludge. Using microwave irradiation during 
pretreatment could also accelerate enzymatic reactions. It has been reported that the enzymatic 
hydrolysis of POME produced only 0.0238 kg/L of reducing sugar, while microwave-irradiation-
assisted enzymatic hydrolysis yielded a higher amount of sugar reduction (0.0383 kg/L) [75]. 
Although the use of lab-scale microwave irradiation pretreatment has significantly improved biogas 
production, its industrial-scale use is unlikely due to its high cost. 
 
 
Fig. 9. Overview of enzymatic hydrolysis to increase biogas productions from POME. 
 
 
Fig. 10. Pretreatment of POME using microwave to increase biogas production. 
 
3.9. Immobilisation media 
Immobilisation media are defined as a wide variety of cells, particle attachments, or entrapments 
that are immobilised by using support materials known as carriers [79]. Immobilisation media are 
added to a bioreactor with raw POME (Fig. 11) to maximise the growth rate of micro-organisms, thus 
minimising the inhibiting effect of toxic pollutants and reducing HRT [80]. Previously, zeolite and 
cement kiln dust were found to act as immobilisation media used for the anaerobic digestion of 
POME [81,82]. Zeolite is a natural mineral with a large surface area that contains several essential 
minerals required for the growth of anaerobic microbes, such as potassium and iron [81]. 
Meanwhile, cement kiln dust (CKD) is a by-product of the cement manufacturing process and is used 
as a buffering agent in the anaerobic digestion of POME [82].  
Ramadhani et al. [83] applied zeolite as microbial immobilisation media in POME, and 1.949 L of 
methane was produced within 14 days. However, since a small amount of zeolite provides 
insufficient space for the immobilisation of bacteria and because an excess dosage could disrupt 
microbes’ nutrient intake, an appropriate amount of zeolite must be added to POME [84]. It is 
reported that POME with CKD removed 95% of COD with a methane yield of 650 L CH4/kgCOD, while 
POME without CKD removed only 10.5% of COD and resulted in a methane yield of 130 L CH4/kgCOD 
[85]. 
 
3.10. Ozonation 
Ozonation is a chemical pretreatment process that has gained the interest of researchers due to its 
rapid biodegradability capacity. Ozone has been widely applied in sewage sludge treatments to 
degrade the organic and cell growth to improve performance in subsequent anaerobic digestion [86]. 
Ozone is one of the strongest oxidising agents (E0 ¼ 2.07 V, 25C), is soluble in water (110 mg/L, 25C), 
and is ready to use after its production from oxygen in strongly endothermic reactions [87]. 
 
 
Fig. 11. Addition of immobilisation media during pretreatment for the biogas production of POME. 
 
According to Elliot and Mahmood [88], ozone reacts with polysaccharides, proteins, and lipids and 
transforms them into smaller compounds. The use of ozonation as a pretreatment method for the 
anaerobic digestion of POME was investigated by Tanikkula et al. [20]. An experiment was conducted 
in a batch reactor in which POME that was pretreated by ozonation produced 273.8 L CH4/kgCOD of 
methane, while raw POME without ozonation produced 177.9 L CH4/kgCOD. In another study by 
Chaiprapat and Laklam [18], ASBR was used as a digester and produced 410 L CH4/kgCOD of 
methane (64.1% methane content) and achieved 64.2% COD removal.  
Ozonation is undeniably an effective pretreatment method, but the implementation of a full-scale 
ozonation plant would consume up to six times more energy than that which can be recovered from 
the combustion of the produced methane [89]. Fig. 12 illustrates a general overview of the 
pretreatment of POME using ozonation. 
 
3.11. Ultrasonication 
Ultrasonication (Fig. 13) is a promising and effective mechanical pretreatment method for enhancing 
sludge biodegradability by disrupting the physical, chemical, and biological properties of sludge. 
Ultrasonication has been used widely in the anaerobic digestion of waste activated sludge (WAS). 
However, few investigations have been conducted on its effectiveness as a pretreatment method for 
the anaerobic digestion of POME [90–92].  
The purpose of ultrasonic pretreatment is to release intracellular materials by destroying their cell 
walls, disintegrating sludge flocs, and breaking large organic particles into smaller particles [93,94]. In 
ultrasonic hydrolysis, a small particle size is one of the key parameters in the pretreatment process, 
as it increases the lignocellulosic surface area and enhances the accessibility of the enzyme [95].  
The application of ultrasonic pretreatment for POME led to a 16% increase in biogas production by 
using settings of 20 kHz and 100 W [16]. It was reported that POME that underwent ultrasonic 
pretreatment prior to anaerobic digestion yielded 44 L CH4/kgCOD, while untreated POME only 
yielded 37 L CH4/kgCOD. Table 5 summarises the available pretreatment techniques for POME that 
increase biogas production. 
 
 
Fig. 12. Overview of the ozonation process prior to the anaerobic digestion process. 
 
 
Fig. 13. Use of ultrasonication as a POME pretreatment method. 
 
 
4. Prominent anaerobic bioreactor 
Bioreactors for treating POME have been extensively studied using various configurations of reactors, 
such as anaerobic fluidized bed reactors (AFBR), anaerobic sequencing batch reactors (ASBR), 
continuous stirred tank reactors (CSTR), expanded granular sludge beds (EGSB), upflow anaerobic 
filtration (UAF), up-flow anaerobic sludge blankets (UASB), and up-flow anaerobic sludge fixed-film 
(UASFF) reactors. These reactors have been shown to be effective in treating POME [27, 102]. 
Advances in bioprocess engineering have led to the development of digesters that can improve yields 
and efficiencies, such as advanced anaerobic expanded granular sludge beds (AnaEG), anaerobic 
membrane reactors (AnMBR) and up-flow anaerobic sludge blanket-hollow centred packed beds 
(UASB-HCPB). The utilisation of these reactors is still in its primary stages, and extensive studies are 
required to optimise their operational conditions and stability. 
 
4.1. Granular sludge bed 
AnaEG is a new reactor developed by Li et al. [103] for the treatment of coal gasification wastewater 
that combines the technological advantages of UASB and EGSB reactors. Hydrolysis and acidogenesis 
processes occur at the bottom section of the reactor, approximately 1/3 of the sludge bed height 
while methanogenesis reaction takes place at the upper section. Accordingly, the effluent produced 
in the reactor does not need to be recycled into the influent in order to maintain a high upward 
velocity, and the wastewater flows in a plug flow pattern [103]. Meanwhile, organic matter is 
degraded by acidogenesis into a methanogenesis phase in an upward direction resulting in a two-
phase anaerobic digestion process that occurs in a single reactor. 
As shown in Fig. 14, AnaEG can be divided into three sections: inlet, reactor, and gas-solid-liquid 
separation sections. Wastewater enters from the reactor base and degrades organic matter in an 
upward direction. In the end, the products formed (i.e., methane gas and organic acid) can be found 
in two separate layers inside the AnaEG reactor.  
AnaEG has been implemented in industrial wastewater treatments, such as the starch processing of 
wastewater, including pharmaceutical and chemical wastewater [104]. Recently, the utilisation of an 
AnaEG reactor for the treatment of POME was researched. The results show that AnaEG has a 
substantial capacity for the anaerobic treatment of POME, as it can remove 93% COD and produce 
57% methane from POME sludge [21]. It is estimated that each tonne of COD that is removed by an 
AnaEG reactor can produce 340 m3 biogas with an average composition of 65–70% CH4, 25–30% 
CO2, and 200–1500 ppm H2S [105]. The sludge recovered from POME in an AnaEG reactor also has 
much potential to be used as a biofertilizer, as the material could enhance soil fertility beyond what 
is possible when using fertiliser acquired from raw POME and chicken manure [106]. 
 
4.2. Anaerobic membrane 
Membrane technologies are being used commercially in industrial wastewater treatment processes. 
However, the use of membrane reactors in the biogas production of POME requires pilot-scale 
studies. To date, two types of membrane bioreactors exist: external cross flow and submerged 
membrane (Fig. 15). In external cross flow (Fig. 15a), the membrane is separated from the reactor, 
and the bioreactor broth is forced to the membrane module by a pump to permeate through the 
membrane [108]. In the submerged configuration (Fig. 15b), the membrane is directly submerged in 
the liquid inside the bioreactor or submerged in a separate container that is connected to the 
bioreactor [108]. The use of a submerged membrane requires less energy and space, but the process 
is prone to fouling due to high cell concentrations [109]. 
 
Table 5 
Pretreatment used on POME to increase biogas production available in 2019. 
Operating condition  Research finding 
Pretreatme
nt 
Biorea
ctors 
pH Temper-
ature 
(ºC) 
HRT 
(days) 
COD 
removal 
(%) 
CH4  
content 
% 
CH4 yield Refe
renc
e 
Acidified 
POME 
ASBR 7.0 – 
7.5 
54 3 71 79.30 260.3 L 
CH4/kgCOD 
[24] 
Addition of 
ash 
Batch 
reacto
r 
6.8 – 
7.2 
28 - 30 15 - 20 NA 62.0 -
73.75 
218.79 L 
CH4/ 
kgCOD 
[47] 
Co- 
digestion 
        
Cow 
manure 
Batch 
reacto
r 
6.8 – 
7.5 
 M – 35 
T- 50 
28 M - 52.07 
T - 77.01 
M - 
35.35 
T - 46.16 
NA [52] 
Decanter 
cake 
Batch 
reacto
r 
7 60 45 NA 65.21 391 L 
CH4/kgVS 
[55] 
Empty fruit 
bunch 
Batch 
reacto
r 
5.6 – 
8.0 
27 - 30 14 27 61.70 0.5932 L 
CH4/kgVS 
[53] 
Microalgae Batch 
reacto
r 
7.4 – 
7.5 
48 7 95 NA 480 L 
CH4/kgCOD 
[87] 
Poultry 
manure + 
Glycerin 
Batch 
reacto
r 
6.8 – 
7.2 
Mesoph
ilic 
150 96 NA 450 L 
CH4/kgCOD 
[88] 
Refined 
glycerin 
wash water 
CSTR 4.2 -
5.7 
Mesoph
ilic 
85 90 NA 150 L 
CH4/kgCOD 
[56] 
Rumen 
fluid 
Semi 
CSTR 
7.2 37 20 96.48 61.80 NA [54] 
Sewage 
sludge 
Batch 
reacto
r 
NA 35 50 NA NA 456 L 
CH4/kgVS  
[89] 
Skim latex 
serum 
Batch 
reacto
r 
7.5 - 
7.8 
55 90 85 NA 311.2 L 
CH4/kgVS 
[90] 
Coagulation/Floccul
ation 
 
Aluminium 
sulphate 
UASB NA 55 - 57 2.4 81 76 320 L 
CH4/kgCOD 
[91] 
Cationic 
and 
anionic 
polyacryla
mide 
UASFF NA 35 - 38 1.5 93 NA 310 L 
CH4/kgCOD 
[92] 
Chitosan Modifi
ed 
CSTR 
7.8 55 - 57 3.3 74 68 340 L 
CH4/kgCOD 
[22] 
Deoiled 
POME 
UASB 
(U) 
6 55 5 U – 91.5 
E - 92.3 
U - 74 
E - 73 
U - 600 L 
CH4/kgVS 
[62] 
EGSB 
(E) 
E - 555 L 
CH4/kgVS 
Dissolve air 
flotation 
AnaEG 7 NA NA 93.7 57 NA [21] 
Enzymatic 
hydrolysis 
Batch 
reacto
r 
NA 60 45 89.1 62.63 914 L 
CH4/kgVS 
[23] 
Microwave Batch 
reacto
r 
7.2 32 - 37 15 NA NA 58 L 
CH4/kgCOD 
[16] 
Immobilisation media 
Natural 
zeolite 
AFBR 7.0 Mesoph
ilic 
21 NA 63.16 NA [76] 
Cement 
kiln dust 
UASB 7.7 35 0.83 95 NA  650 L 
CH4/kgCOD 
[78] 
Ozonation ASBR 7.2 NA 10 64.2 64.1 410 L 
CH4/kgCOD 
[18] 
Ultrasonic Batch 
reacto
r 
7.2 32 - 37 15 NA NA 44 L 
CH4/kgCOD  
[16] 
 
There are different treatment processes in membrane bioreactors, such as aerobic membrane 
bioreactors (AerMBRs), anaerobic membrane reactors (AnMBR), hybrid membrane bioreactors 
(HypMBR), sonication membrane bioreactors (SonMBR), and thermophilic and mesophilic membrane 
bioreactors (TheMBR) [110]. 
During the anaerobic digestion of POME, AnMBR is used to promote the ideal anaerobic conditions 
to produce biogas. Abdulrahman et al. [111] conducted a study on the performance of AnMBR as the 
digester to treat POME by using a cross flow ultra-filtration (CUF) membrane with an average pore 
size of 0.1 μm. The results show a significant amount of COD removal (96–99%) and a methane yield 
of 250–270 L CH4/kgCOD. Therefore, AnMBR is a useful alternative for treating industrial wastewater 
– especially POME – that also recovers a significant amount of methane.  
A common issue related to the use of membrane bioreactors is biological fouling, which is 
significantly influenced by the presence of extracellular polymeric substances (EPSs) [112]. Hence, 
intense control strategies have been investigated to solve such problems [113–115]. A recent reliable 
method involves the implementation of nitrifying-enriched activated sludge (NAS), which results in 
lower EPS production and decreases the extent of fouling problems [116]. This method shows that 
the greater proportion of nitrifying bacteria can improve permeation flux and operation time for 
substantial nutrient removal efficiency in a cross-flow MBR, with less fouling. Thus, it is strongly 
recommended that this type of approach is used for high-strength wastewaters, such as POME. 
Despite the fouling issue, membrane bioreactors have a strong capability to remove nutrients that 
commonly trigger eutrophication, such as nitrogen and phosphorus. Oliveira et al. [117] reported the 
successful integration of MBR with an anaerobic main stream reactor (AMSR), by which 32% of 
sludge was removed from synthetic wastewater, reduced the membrane fouling tendency, and 
increased total nitrogen removal to up to 78%. Furthermore, Ahmad et al. [118] observed the 
performance of a hybrid membrane bioreactor to treat raw POME. In this study, membrane fouling 
occurred due to cake resistance, which contributed to 74% of the total resistance. The system 
removed large percentages of COD (94%) and suspended solids (98%), while simultaneously reducing 
total nitrogen and total phosphorus content by as much as 83% and 64%, respectively.  
 
  
Fig. 14. Schematic diagram of an AnaEG [103]. 
 
 
Fig. 15. Anaerobic membrane design: a) external cross flow, b) submerged [107]. 
 
 
4.3. Up-flow anaerobic sludge blanket-hollow centred packed bed 
Another novel high-rate anaerobic reactor used for the treatment of POME is the UASB-HCPB 
reactor, which closely resembles the UASFF. The primary difference is that the hollow cylindrical 
channel of the UASB-HCPB reactor is positioned vertically in the middle section of the packed bed. 
The hollow cylindrical channel in the packed bed is implemented to overcome the problem of 
clogging that occurs in a UASFF [119].  
A UASB-HCPB reactor can be divided into three sections: UASB, HCPB, and the top section (Fig. 16). 
POME is fed into the reactor from the bottom into the sludge bed, and the recirculation pump 
enhances contact between the substrate and the microbe in the UASB section. Suspended microbes 
are then attached to the pall rings in the HCPB section to form an attached growth system. Finally, 
the biogas produced in the UASB and HCPB sections rises to the top section, which contains a gas-
liquid-solid (GLS) separator, which acts as a medium for the production of biogas [120].  
Several studies have been conducted on the use of mesophilic and thermophilic conditions in a 
UASB-HPCB reactor for the treatment of POME [119,120]. It has been evidenced that thermophilic 
conditions (55–65C) achieved a higher removal of COD and biogas production rate than mesophilic 
conditions (28C). A study of mesophilic conditions in UASB-HCPB reactor by Chan et al. [119] showed 
that as much as 86.7% COD can be removed with a biogas production rate of 0.448 L CH4/L/day. 
Meanwhile, thermophilic studies by Poh and Chong [120] reveal that 92.6% COD was removed from 
POME, with 67.5% methane content and 19.26 L CH4/L/day for biogas production. The advantages 
and disadvantages of all viable anaerobic reactors used to treat POME are summarised in Table 6. 
 
Table 6 
Available bioreactor to treat POME for high yield of biogas production. 
Anaerobic 
reactor 
Advantages Disadvantages Reference 
Single stage 
reactor 
- Cost reduction 
- Low maintenance 
- Widely used due to its simplicity 
- Low OLR 
- Took longer retention time 
- Not economically feasible 
- Higher chances for 
explosion 
- Low process stability in pH 
control 
- Accumulation of inhibitors 
such as VFA and   
  toxic compounds. 
[31,84] 
Multi stage 
digestion 
reactor 
- Highly recommended for 
treatment of organic  
  wastes with high lipid contents 
especially POME 
- Increase the stability of anaerobic 
digestion process by separating  
  the acidogenic and methanogenic 
stage. 
- Provide process optimisation for 
each microbe  
  group 
- Increase VS/COD reduction 
efficiencies 
- Low retention time. 
- Hydrogen build-up inhibit 
acidogenic bacteria 
- Elimination of nutrient 
required by  
  methanogenic bacteria 
- Complex maintenance 
- Higher startup and 
operation cost 
- Require skilled workers to 
operate the system 
[31,49,84] 
 
 
Anaerobic 
membrane 
reactor 
(AnMBR) 
- Low energy consumption 
- Smaller space requirement  
- Higher removal efficiency of 
pollutants 
- Adaptability to fluctuations in 
organic loading 
- Not affected by granulation 
properties 
- Membrane prone to fouling  
- Longer solid retention time 
- Required strict cleaning 
protocol 
- Short lifetime of membrane 
- Required high pressure 
[101,105] 
Anaerobic 
fluidized 
bedreactor 
(AFBR) 
- Large surface area for biomass 
transfer 
- Less production of sludge  
- Adaptability to shock-load 
- Inappropriate for high 
suspended solids 
- Unable to capture 
produced biogas 
[26,106] 
- High OLR at short HRT. - High energy requirement 
- Additional cost due to the 
use of carrier media 
Advanced 
anaerobic 
expanded 
granular 
sludge bed 
(AnaEG) 
- A state of the art reactor design 
for POME 
- Reduced power consumption as it 
does not  
  requires recirculation pump to 
adjust and maintain  
  the expansion 
- Capable to pick up OLR up to 50 
000 mg L-1 COD 
- Greater adaptability to shock-load  
- Higher organic matter removal 
rate above 90%. 
- Technical complexity 
- Limited study on 
composition and distribution 
of  
  microbial community 
structure that responsible  
  for the bioreactor’s 
treatment performance. 
[94,95] 
Anaerobic 
sequencing 
batch 
reactor 
(ASBR) 
- Cost effectiveness 
- Flexible operation 
- Retain high concentration of slow-
growing  
  anaerobic bacteria in the reactor 
- Does not require separate clarifier 
- Poor self-immobilisation 
- Low process performance 
at high OLR 
- Require supplementation of 
nutrient to improve  
  POME treatment. 
[18,24,26] 
 
Continous 
stirred tank 
reactor 
(CSTR) 
- Simple to operate  
- Provides good contact between 
wastewater and  
  microorganisms through mixing 
- Lower operating cost and 
maintenance 
- Suitable for wastewaters with 
high solid content  
- Preferable for industrial scale of 
POME treatment 
- Slow methanogenic 
reactions rates at high OLRs  
- Washout of active biomass 
growing in  
  suspension  at short HRT 
- Intensive mixing lead to 
process instabilities and  
 induced shear stress 
- Corrosion of steel tanks 
[22,93,107] 
Expanded 
granular 
sludge bed 
(EGSB) 
- Provide sufficient attachment 
between biomass  
  and sludge 
- Suitable for soluble pollutant 
treatments especially  
  low-strength wastewater. 
- Removal of suspended solids is 
directly  
  proportional to the up flow 
velocity 
- Requires a recirculation 
pump and increase  
  power consumption. 
- Lower adaptability to 
shock-load  
- Lower organic matter 
removal rate below 70 – 
  75% 
- Formation of scum and 
blockage of pipeline  
[108,109] 
 
Upflow 
anaerobic 
filtration 
(UAF) 
- Retain denser microorganisms in 
the reactor 
- Able to capture biogas in the 
reactor 
- Short HRT 
- Clogging at high OLR due to 
formation of  
  suspended solids in the 
POME  
- Addition of buffer is 
required at high OLR to  
  prevent the excessive 
accumulation of free acids 
[110,111] 
Upflow 
anaerobic 
- Requires less reactor volume and 
space 
- Highly depend on the 
sludge settleability 
[92,112,113] 
sludge 
blanket 
(UASB) 
- Enables solid-liquid-gas 
separation to occur in a  
  single reactor 
- Provide sufficient attachment 
between wastewater  
  and sludge even at low OLR 
- Short HRT 
- Higher operational stability  
- Took a longer startup 
period 
- Wash-out of active biomass 
during the initial  
  phase of the process 
- Foaming and sludge 
flotation at high OLR 
Upflow 
anaerobic 
sludge 
blanket-
hollow 
centered 
packed bed 
(UASB-HCPB) 
- Reduce the cost required for the 
packing materials  
- Less maintenance due to less 
clogging problems 
- Adaptability to high load 
- Provides greater biomass surface 
area 
- Shorter HRT 
- Technical complexity 
- Requires a recirculation 
pump and increase  
  power consumption 
- Short HRT lead to sludge 
washout due to high  
  upflow sheer force 
[103,104] 
 
 
 
Up-flow 
anaerobic 
sludge fixed-
film (UASFF) 
- Ablility to retain biomass in the 
reactor for higher  
  organic loading  
- High ratio of effluent recycle 
- Greater stability than UASB when 
operated under  
  high OLR 
- Tolerate to temperature changes 
in the range of  
  24–50 °C without remarkable 
changes in the  
  process stability 
- Not suitable for industrial 
level due to failure of  
  upscaling process 
- Poor separation between 
treated effluent and  
  biomass 
[92,113,114] 
 
 
 
 
Fig. 16. Design of a UASB-HCPB reactor [120]. 
 
 
5. Concluding remarks 
The use of biomass-to-energy techniques has provided prospects for future renewable energy 
applications. Currently, there is a focus on the use of biogas from various types of substrates, such as 
municipal solid waste, agricultural residue, animal manure, and household waste. The utilisation of 
biogas as a source of energy improves sanitation, reduces waste deposition, and minimises 
environmental pollution. A leading substrate for biogas production is POME, which can be found 
primarily in Southeast Asian countries. POME, being rich inorganic content, is a suitable raw material 
for anaerobic digestion. However, since POME is considered a lignocellulosic residue, recalcitrant 
substrates could remain in POME if it is not pretreated appropriately.  
Over the past few decades, the pretreatment of POME has increased the biodegradability of the 
material, ultimately leading to high biogas yields. This paper summarises existing pretreatment 
methods suitable for POME and recommends recently manufactured high-rate anaerobic reactors 
that promote the maximum generation of biogas from POME. Acidified POME utilisation, ash 
addition, co-digestion, coagulationflocculation, de-oiling, dissolved air flotation, enzymatic 
hydrolysis, microwave irradiation, immobilisation media, ozonation, and ultrasonication are suitable 
pretreatment techniques for POME that can increase the production of biogas. Acidified POME 
utilisation and ash addition have yielded 260.3 and 218.79 L CH4/kgCOD, respectively. A maximum 
yield of 480 L CH4/kgCOD was observed when POME was codigested with microalgae, and 340 L 
CH4/kgCOD was recorded through the coagulation/flocculation of POME with chitosan. De-oiled 
POME, enzymatic hydrolysis, and microwave irradiation pretreatments produced maximum yields of 
600 L CH4/kgVS, 914 L CH4/kgVS, and 58 L CH4/kgCOD, respectively. In addition, cement kiln dust 
immobilisation media, ozonation, and ultrasonic pretreatments produced maximum yields of 650 L 
CH4/kgCOD, 410 L CH4/kgCOD, and 44 L CH4/kgCOD, respectively. The design and configuration of 
new high-rate anaerobic reactors – namely, granular sludge beds, anaerobic membranes, and up-
flow anaerobic sludge blanket-hollow centred packed beds – are presented in this article. These 
reactors provide optimum efficiency in the digestion process and result in a significant increase in 
methane yields from POME. To date, combined pretreatments for POME have been required to 
maximise the potential removal of pollutants and increase biogas production efficiency. However, 
techno-economic analyses must be considered for the pretreatment techniques used for POME. 
Moreover, cost analyses of reactor operations must be conducted to extend the research and 
development from laboratory studies to pilot-scale studies. Laboratory-scale research shows the 
significant potential of biogas production after the treatment of POME, suggesting that 
laboratoryscale studies should be upscaled to industrial-scale biogas production. Surely, this would 
provide a platform for the sustainable and environmentally friendly production of energy resources 
for future generations. 
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